Introduction {#S0001}
============

Osteoarthritis (OA) is an aging-associated progressive degenerative disease characterized by articular cartilage damage and elevated chondrocyte mortality. OA is a leading cause of disability in the world. In the United States, over 22.7 million people reported arthritis-attributable activity limitations.[@CIT0001] To date, the pharmacologic treatments for OA are analgesics and nonsteroidal anti-inflammatory drugs (NSAIDs), which only provide pain relief but do not exert a clear clinical effect on OA disease in prevention or modification. It has been generally accepted that OA is a multi-factorial disease that requires the development of better targeted therapeutic agents. Numerous studies have identified that chondrocyte apoptosis is positively correlated with the severity of OA.[@CIT0002]--[@CIT0004] Apoptosis has also been supposed to be strongly associated with articular cartilage destruction and matrix degradation in humans.[@CIT0005] Reactive oxygen species (ROS) are thought to be a crucial factor in mediating chondrocyte apoptosis.[@CIT0006] Excessive accumulation of ROS promotes chondrocyte apoptosis as a result of mitochondrial dysfunction.[@CIT0007],[@CIT0008] Therefore, pharmacologic inhibitors of apoptosis and ROS might provide a novel treatment option and modification for patients with OA.

Aucubin is a naturally occurring compound discovered in various plants including leaves of *Aucuba japonica*[@CIT0009] and *Eucommia ulmoides*.[@CIT0010] It has been shown to possess several pharmacological properties, including the anti-inflammatory,[@CIT0011] chondroprotective,[@CIT0012] antioxidative,[@CIT0013] and anti-apoptotic properties.[@CIT0014],[@CIT0015] Our previous study reported that aucubin remarkably suppressed IL-1β induced inflammation and cartilage matrix degradation, including matrix metalloproteinases (MMPs), inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and the production of nitric oxide (NO) through the inhibition of NF-κB signaling pathways.[@CIT0011] One study proved aucubin may enhance the anticatabolic and anti-inflammatory effects of hyaluronic acid (HA) on OA chondrocytes.[@CIT0012] Young et al reported aucubin can reduce ROS production, caspase-3 activity, and cell apoptosis and has protective effects in an osteoarthritic chondrocyte model induced by H~2~O~2~ and mechanical stimulus.[@CIT0016] To date, no study has reported the protective effect of aucubin in animal model of OA. Moreover, the anti-apoptotic effect of aucubin on chondrocytes has not been completely clarified. In the present work, we evaluated the therapeutic effect of aucubin in a mouse model of OA. We also investigated whether aucubin inhibits the apoptosis and ROS production in IL-1β-stimulated chondrocytes.

Materials And Methods {#S0002}
=====================

Animal Models {#S0002-S2001}
-------------

Destabilization of the medial meniscus (DMM) model was established in 10--12 weeks old C57BL/6 male mice purchased from the Animal Center of Southern Medical University (Guangzhou, China). Mice were randomly grouped as follows: sham; DMM model; DMM model + aucubin (50mg/kg/d). After the mice were anesthetized, microsurgery was performed to transect the medial meniscotibial ligament (MMTL), which contributed to the DMM model. In the sham group, microsurgery was only performed to visualize the MMTL, but the MMTL was not transected. Immediately after surgery, mice from the DMM model and sham group were administered of normal saline (NS), while the DMM model + aucubin group received aucubin (50 mg/kg) dissolved in NS by gavage. The mice were executed using an overdose injection of pentobarbital sodium at the end of the 8th week. The animal study proposal was approved by the Animal Care Committee of Southern Medical University. All mouse experimental procedures were performed in accordance with the Regulations for the Administration of Affairs Concerning Experimental Animals approved by the State Council of People's Republic of China.

Specimen Preparation And Histological Evaluation {#S0002-S2002}
------------------------------------------------

Tibia and femur tissues were separated and fixed in paraformaldehyde, decalcified in EDTA after washed with water, then dehydrated in graded alcohols. Finally, specimens were embedded in paraffin and cut into serial sections. Each glass slides stained with H&E or Safranin-O for general histological evaluation. The OARSI scoring system was used to evaluate the severity of OA by estimating the highest observed score from the medial femoral condyle and the medial tibial plateau according to a previous study.[@CIT0017]

Reagents {#S0002-S2003}
--------

Aucubin was purchased from Yuanmu Industrial Corporation (Shanghai, China). CCK-8 and Annexin V-FITC/PI Apoptosis kit were obtained from Bestbio (Shanghai, China). A Live and Dead Cell staining kit was purchased from Mountain View (CA, USA). A Reactive Oxygen Species Assay kit was purchased from Beyotime Biotechnology (Jiangsu, China). The primary antibodies used in this study were as follows: mouse monoclonal anti-Bcl-2 and monoclonal anti-Bax from Santa Cruz Biotechnology, Inc. (CA, USA), mouse monoclonal anti-cleaved caspase-3 and mouse monoclonal anti-cleaved caspase-9 from Abcam Biotechnology (MA, US). Recombinant Rat IL-1beta was obtained from PeproTech (NJ, USA).

Cell Isolation And Culture {#S0002-S2004}
--------------------------

The methods for cell isolation and culture have been previously described.[@CIT0011] Briefly, 4-week-old SD rats were sacrificed for collection of cartilage from both knees and femoral heads under sterile conditions. Then, we cut the rat cartilage into small pieces, after washing five times with PBS. The specimens were digested in 0.25% trypsin-EDTA solution for 30 mins and DMEM (contains collagenase type II) for 2 hrs at 37°C. The released chondrocytes were seeded in 25 cm^2^ cell flasks. Cells were passaged at a ratio of 1:3, when they reached 80--90% confluency.

Cell Viability Assay {#S0002-S2005}
--------------------

The CCK8 assay was used to determine cell viability following IL-1β and aucubin treatment, as detailed in our previous study.[@CIT0011] Rat chondrocytes (1 × 10^4^/well) were incubated in 96-well plates for 24 and 48 hrs, respectively. After appropriate treatment according to the experimental grouping, cells were incubated with CCK-8 solution (10 μL) for 2 hrs at room temperature. The level of the dye formed was measured with a microplate reader.

Live And Dead Cells Assay {#S0002-S2006}
-------------------------

The Live/Dead Viability Assay kit was used to observe apoptotic cell death. Calcein AM and ethidium homodimer-1 were identified as markers for live and dead cells, respectively, provided a two-color fluorescence. Living cells were defined as green fluorescence while dead cells were identified in red fluorescence. Chondrocytes were seeded and incubated with various stimulations for 24 hrs. Fluorochromes were then added and incubated in washed chondrocytes for 15 mins. Fluorescence images were visualized under a confocal fluorescent microscope (Olympus FluoView FV1000, Melville, NY, US).

Apoptosis Evaluation {#S0002-S2007}
--------------------

The rates of chondrocytesapoptosis were determined using flow cytometry (FCM) analysis with an Annexin V-FITC/PI Apoptosis kit. Chondrocytes were cultured in 6-well plate with various treatments for 24 hrs, and then re-suspended in 500 μL binding buffer and stained with 5 μL of FITC Annexin V and 10 μl of propidium iodide (PI), which were added for 15 mins at room temperature in the dark. After incubation, the samples were tested using a flow cytometer (Moflo XDP, USA). Early apoptotic chondrocytes were detected with Annexin V positive and PI negative cells, and late apoptotic chondrocytes were stained with both annexin V and PI positive cells. The results are represented as the percentage of apoptotic cells.

Western Blot {#S0002-S2008}
------------

The method for Western blot analysis was according to our previous study.[@CIT0011] Whole-cell proteins were homogenized in ice-cold incubation with lysis buffer after washed with PBS solution for three times. Then, cell debris was cleared by centrifugation for 10 mins at 12,000 rpm under 4°C. Protein concentration level was determined by BCA kit. Equivalent amounts of extracted proteins (20 μg) were separated by SDS-PAGE (10% gels), and then transferred onto PVDF membranes. The membranes were pre-incubated in 5% blocking buffer for 30 mins at room temperature, after which the blots were incubated overnight at 4°C with primary antibodies: Bcl-2 (1:200, Santa Cruz), Bax (1:200, Santa Cruz), Cleaved Caspase-3 (1:500, Abcam), and Cleaved Caspase-9 (1:500, Abcam). Subsequently, the membranes were incubated with the secondary antibody (1:15,000) for 2 hrs before washed 3 times with TBST. The blots were quantified using LI-COR Odyssey (Lincoln, Nebraska, USA).

Measurement Of ROS {#S0002-S2009}
------------------

The intracellular levels of ROS in chondrocytes were assessed by the probe of DCFH-DA, a ROS detection kit, according to the manufacturer's optimized instructions. To determine the ROS levels, washed chondrocytes were incubated with diluted DCFH-DA (10 µM) for 20 mins in the dark. After washing with PBS, the chondrocytes were imaged under a confocal laser scanning microscope (Olympus FluoView FV1000, NY, USA). To quantitate ROS levels, chondrocytes were cultured with different stimulations in 96-well plates, fluorescence was measured with a spectra Max M5 (Molecular devices, CA, USA).

Statistical Analysis {#S0002-S2010}
--------------------

All results were analyzed using Prism (GraphPad, Diego, USA), presented as the mean ± SEM. For multiple comparisons, a two-tailed *t-*test with Tukey post hoc tests was used to analyze differences depending on the experiment design. A P \< 0.05 was considered statistically significant.

Results {#S0003}
=======

Aucubin Prevents Progression Of OA In DMM Mice {#S0003-S2001}
----------------------------------------------

To determine the efficacy of aucubin on severity and progression of OA, the proteoglycan and structural degeneration of the articular cartilage was evaluated under microscopy by Safranin O-fast green staining, H&E staining, and OARSI. Aucubin (50 mg/kg) was administered by oral gavage to mice once daily for 8 weeks post-operation. Safranin O staining showed 8 weeks after DMM mice representing early OA-like manifestations including loss of proteoglycan content, cartilage fibrillation, and erosion. While aucubin-treated DMM model mice (50 mg/kg) showed retention of proteoglycan, less cartilage fibrillation, and less cartilage erosion, compared to those in vehicle-treated mice ([Figure 1A](#F0001){ref-type="fig"}). H&E staining demonstrated that hyaline cartilage (HC) thickness is declined, the chondrocytes of articular cartilage disordered lined and tend to hypertrophic in the DMM model group ([Figure 1B](#F0001){ref-type="fig"}). However, oral administration of aucubin remarkably inhibits hyaline cartilage (HC) thickness declined, attenuates chondrocyte disordering and hypertrophy in mouse knee joint after DMM surgery. The OARSI scores were improved in aucubin-treated DMM mice compared with those in DMM controls (P \< 0.05; [Figure 1C](#F0001){ref-type="fig"}).Figure 1Oral administration of aucubin preserved articular cartilage. (**A**) Safranin O staining. Solid arrows show proteoglycan loss and cartilage destruction at 8-week post operation. Scale bar, 50 μM (top), 25 μM (bottom). (**B**) H&E staining where hyaline cartilage (HC) thickness is declined and marked by arrows. Scale bars, 50 μM (top), 25μM (bottom). (**C**) OARSI scores of articular cartilage at 8-week post operation. Sham: sham-surgery; Vehicle: DMM-surgery treated with vehicle; Aucubin: DMM-surgery treated with aucubin. n=6 per group. Significant differences analysis in all groups compared with the sham group (\*P\<0.05), compared with the vehicle group (^\#^P\<0.05).

Aucubin Reverses IL-1β-Induced Cytotoxicity {#S0003-S2002}
-------------------------------------------

The cytotoxicity of IL-1β and protection of aucubin on chondrocytes were determined by CCK8 assay at 24 hrs and 48 hrs, respectively. As shown in [Figure 2](#F0002){ref-type="fig"}, IL-1β-induced cytotoxicity in chondrocytes and treatment with IL-1β (10 ng/mL) for 24 hrs and 48 hrs significantly decreased cell viability (P\<0.05). However, aucubin markedly improved cell viability in IL-1β-stimulated chondrocytes in a dose-dependent manner, and 50μM of aucubin had the significant protective effect at 24-hr and 48-hr time point (P\<0.05). All of these findings indicated that IL-1β induced cytotoxicity in chondrocytes, whereas aucubin has a potential protective effect on chondrocytes.Figure 2Aucubin attenuates cytotoxicity of IL-1β on chondrocyte viability. Chondrocytes were pretreated with various concentrations of aucubin (1, 10, 20, and 50 μM) for 2 hrs prior to IL-1β (10 ng/mL) for 24 hrs and 48 hrs time of point, and analyzed with the CCK8. Data are represented as mean ± S E M for three independent experiments. \*Statistically significant difference (P \< 0.05) versus the IL-1β group. \#Statistically significant results (P \< 0.05) versus control.

The fluorescence microscopy images in live/dead assay were used to visualize the live and dead chondrocytes. As shown in [Figure 3](#F0003){ref-type="fig"}, we found that there are obvious features of death or necrosis in chondrocytes exposed to IL-1β, as evidenced by a greater extent of red fluorescence (dead cells), compared with control ones. Additionally, aucubin (50 μM) remarkably decreases IL-1β-induced chondrocyte death, as shown by a greater extent of green fluorescence (live cells) and decreased red fluorescence (dead cells). Consistent with CCK8 assay, aucubin could reverse cytotoxic effects on IL-1β-induced chondrocytes.Figure 3Aucubin suppresses IL-1β impaired chondrocytes viability. After treatment with the culture medium, IL-1β alone, pre-treatment with indicated concentration of aucubin (50 μM) followed by IL-1β for 24 hr, respectively, chondrocytes viability was assessed and visualized by live/dead assay with fluorescent dyes to distinguish live and dead cells.

Aucubin Prevents IL-1β-Induced Chondrocyte Apoptosis {#S0003-S2003}
----------------------------------------------------

We assessed the prevention of aucubin in different concentrations (1, 10, 20, and 50 μM) on IL-1β (10 ng/mL)-induced apoptosis. The rate of early chondrocyte apoptosis is represented in the Q4 region, and the rate of late chondrocyts apoptosis is represented in the Q2 region as shown in [Figure 4](#F0004){ref-type="fig"}. After incubation with IL-1β (10ng/mL) for 24 h, the rate of chondrocyte apoptosis was significantly increased compared with control group. While pretreatment with aucubin for 2 hrs, the rates of chondrocyte apoptosis decreased relative to the IL-1β stimulation group, 10 μM, 20 μM, and 50 μM of aucubin showed the significant protection effects ([Figure 4B](#F0004){ref-type="fig"}). The flow cytometry analysis demonstrated that aucubin potently prevented IL-1β-induced apoptosis and had a potential anti-apoptotic effect on chondrocytes.Figure 4Aucubin inhibited IL-1β-induced chondrocyte apoptosis. (**A**) Apoptotic chondrocytes were quantified by flow cytometry analysis with fluorescence staining. (**B**) The data indicated the percentages of apoptotic cells, which were statistically analysis and detected by flow cytometry. Data are expressed as mean ± S E M for three independent experiments. \*Statistically significant difference (P \< 0.05) versus the IL-1β group. \#Statistically significant results (P \< 0.05) versus control.

Aucubin Blocks IL-1β-Induced Chondrocyte Apoptosis By Regulating Mediator Of Apoptosis {#S0003-S2004}
--------------------------------------------------------------------------------------

To determine whether aucubin can modulate the expression of anti-apoptotic or pro-apoptotic proteins, we examined IL-1β-stimulated rat chondrocytes with or without pre-treatment of aucubin by Western blot. Consistent with prior studies, Western blot analysis showed that expression of Bax, cleaved caspase-3, and cleaved caspase-9 increased but that of Bcl-2 decreased in IL-1β-stimulated chondrocytes compared to control. Furthermore, aucubin remarkably inhibited IL-1β-induced Bax, cleaved caspase-3, and cleaved caspase-9 overexpression, but enhanced Bcl-2 expression in a dose-dependent manner at 24-hr time point ([Figure 5](#F0005){ref-type="fig"}). These collective data indicated that aucubin might have an anti-apoptotic effect on IL-1β-stimulated chondrocytes via suppressing Bax, cleaved caspase-9, and cleaved caspase-3 expression, promoting Bcl-2 expression.Figure 5Apoptosis-related protein changes in aucubin treated or IL-1β-induced chondrocytes. (**A**) The expression levels of Bax, cleaved caspase-3, cleaved caspase-9, and Bcl-2 were detected by Western blot. (**B**) Quantitative result of Western blotting. All bands were measured in triplicate and normalized to GAPDH. Data are presented as mean ± S E M for three independent experiments. \*Statistically significant difference (P \< 0.05) versus the IL-1β group. \#Statistically significant results (P \< 0.05) versus control.

Aucubin Decreases ROS Production In Chondrocytes {#S0003-S2005}
------------------------------------------------

To identify the effect of aucubin on IL-1β-induced ROS in chondrocytes, the intracellular ROS image visualized by confocal microscopy and ROS levels were recorded by spectrophotometer. A number of studies have confirmed that IL-1β induces the generation of ROS in chondrocytes. After treatment with IL-1β for 30 mins, ROS level was assessed using a DCFH-DA probe and quantified using a fluorescence microplate reader or imaged by fluorescence microscopy and spectrophotometer. Consistent with previous studies,[@CIT0016] IL-1β increased ROS generation in chondrocytes, and ROS levels were increased significantly compared with the control group ([Figure 6](#F0006){ref-type="fig"}). In contrast, aucubin (50 μM) significantly attenuated the ROS generation after stimulation of IL-1β in chondrocytes ([Figure 6B](#F0006){ref-type="fig"}). These results indicated that IL-1β could markedly increase the intracellular ROS generation and aucubin could attenuate those increasing.Figure 6Aucubin attenuates ROS generation in IL-1β-induced chondrocytes. The ROS level represented by fluorescence in chondrocytes visualized under confocal microscopy (**A**) and cellular ROS levels were measured by spectrophotometer (**B**) Data are expressed as mean ± SEM for three independent experiments. \*Statistically significant difference (P\<0.05) versus the IL-1β group. \#Statistically significant results (P \<0.05) versus control.

Discussion {#S0004}
==========

OA is currently treated with drugs or surgery, but no satisfactory efficacy has been achieved. Chondrocyte apoptosis is significantly increased in OA patients, but cell survival is significantly decreased.[@CIT0018] Therefore, it is an interest to find a way to inhibit chondrocyte apoptosis and increase cell survival for a more efficient therapy in OA. Aucubin is a compound extracted from numerous plants, including *Eucommia ulmoides* and *Castilleja tenuiflora*. As noted, more attention was paid on anti-apoptotic effect of aucubin in herbal therapy, although there are numerous biological activities on it.[@CIT0019] These findings inspired us to investigate whether aucubin has a protective effect in animal model and how it functions on chondrocyte viability.

The present work first demonstrated that intragastric administration of aucubin delays the progression of OA in a DMM animal model. This finding was shown by increased proteoglycan, reduced cartilage destruction, and decreased OARSI scores following aucubin treatment in DMM mice when compared with those in DMM control. Taken together, the study confirmed protective function of aucubin in an OA mouse model and also suggested that aucubin is a potential therapy for OA.

Furthermore, we demonstrated whether aucubin inhibits apoptosis to protect articular cartilage chondrocytes from OA. It has been generally accepted that chondrocyte apoptosis displays a key role in pathogenesis of OA due to inducing articular cartilage degeneration.[@CIT0020] IL-1β is an important pro-inflammatory cytokine have been shown to induce chondrocyte apoptosis in vivo and in vitro settings,[@CIT0021],[@CIT0022] resulted in cartilage matrix degradation and joint inflammation, thereby contributing to OA progression.[@CIT0008],[@CIT0023] Thus, our study uses IL-1β to mimic an in vitro model of OA. Our results showed that IL-1β significantly decreased chondrocyte viability, which was consistent with previous studies.[@CIT0011],[@CIT0012] Additionally, a live/dead kit assay was conducted to demonstrate the influence of aucubin on IL-1β-induced chondrocyte viability and visualize the live and dead chondrocytes. Previously, apoptosis inhibition properties of aucubin via Annexin-V/PI flow cytometry on chondrocytes evaluated by Young et al[@CIT0016] demonstrated that in the aucubin with 100 μM pretreated group, the percentages of chondrocytes in both early and late apoptosis states were significantly reduced compared to the H~2~O~2~ stimulated group. Our study further confirmed pre-treatment aucubin in various concentration (10 μM, 20 μM, and 50 μM) could remarkably reduce the cell apoptosis in IL-1β-stimulated chondrocytes. All of these results suggest that aucubin has a chondroprotective effect on OA chondrocytes by inhibiting apoptosis in IL-1β-cultured chondrocytes. However, this requires further investigation regarding the action of aucubin in regulating chondrocyte apoptosis.

It is well known that members of the Bcl-2 family not only modulate the chondrocyte survival and apoptosis but also trigger caspases cascade activation.[@CIT0024] The Bcl-2 family is divided into pro-apoptotic protein Bax which accelerates apoptosis[@CIT0025] and anti-apoptotic protein Bcl-2 which inhibits apoptosis. It has been identified that Bcl-2 level in OA cartilage is lower than those in healthy cartilage, which can promote survival of chondrocytes.[@CIT0026] Bax is responsible for activation of the mitochondrial pathway of apoptosis and caspase, as well as initiated cell death. The central events in apoptosis are activation of a family of cysteine proteases called caspases which lead to cellular disruption.[@CIT0027] Caspase-9 is a vital cysteine protease enzyme that activates pro-caspase-3 (the executioner caspases) and mediates pathway of apoptosis.[@CIT0023] Caspase-3, a key executioner caspase can cleave the death substrates, eventually lead to apoptosis.[@CIT0028] Therefore, inhibition of caspase-3 activation may be the key to decreasing chondrocyte apoptosis. Western blot was used to investigate these mediators of apoptosis and how apoptosis signaling proceeds. Xue et al reported that aucubin not only inhibited lower Bcl-2 expression, high Bax expression but also modulated caspase-3 activation in H~2~O~2~-induced PC12 cells.[@CIT0015] Similarly, we found that the expressions of Bax were increased and the expressions of Bcl-2 were decreased in IL-1β-stimulated chondrocytes, and these effects were attenuated by aucubin. One recent study reported that aucubin could reduce the caspase-3 activity induced by H~2~O~2~.[@CIT0016] In accordance with previous studies, our work indicated that aucubin reduced the expressions of caspase-9 and caspase-3 in IL-1β-induced chondrocytes. Findings from the present study further suggested that aucubin exerts anti-apoptotic effects on chondrocytes via regulating those key mediators, including Bcl-2, Bax, caspase-9, and caspase-3 ([Figure 7](#F0007){ref-type="fig"}).Figure 7Schematic diagram showing apoptotic and ROS signaling pathway induced by IL-1β in articular chondrocytes.

ROS has been proven to be a part of regulative mechanisms of apoptosis. Accumulation of ROS can trigger oxidative stress and is implicated in cell dysfunction and apoptosis.[@CIT0029] In cartilage, ROS displays a vital intracellular second messenger to maintain cartilage function by regulating cartilage homeostasis and chondrocyte differentiation.[@CIT0030] With respect to chondrocyte-related etiology and pathological circumstances, excessive accumulation of ROS is associated with extracellular matrix destruction, ultimately leading to cell death and cartilage degradation.[@CIT0031],[@CIT0032] Young and co-workers[@CIT0016] speculated that 10--100 μM of aucubin reduce ROS production on dose-dependently after at least 1 hr of pretreatment in H~2~O~2~ stimulated chondrocytes. In agreement with Liu's study,[@CIT0033] we demonstrated that IL-1β induced a very rapid ROS generation in chondrocytes and pretreatment with aucubin significantly suppressed ROS production. These data imply that aucubin exerts chondroprotective effects on IL-1β-induced chondrocytes via attenuating the production of ROS ([Figure 7](#F0007){ref-type="fig"}).

In summary, we have verified that aucubin has significant efficacy in slowing the progression of OA in DMM mice model. This evidence has been investigated in vitro based on the anti-apoptotic effect of aucubin in IL-1β-stimulated chondrocytes. Aucubin possibly exerts its efficacy by inhibiting apoptosis and excessive ROS production.
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